Abstract Phosphogypsum (PG) is an industrial waste composed mainly by sulfate, turning it a suitable sulfate source for sulfate-reducing bacteria (SRB). In the present work, the capability of two SRB communities, one enriched from Portuguese PG (culture PG) and the other from sludge from a wastewater treatment plant (culture WWT-1), to use sulfate from PG was compared. In addition, the impact of this sulfate-rich waste in the microbial community was assessed. The highest efficiency in terms of sulfate reduction was observed with culture WWT-1. The bacterial composition of this culture was not significantly affected when sodium sulfate from the nutrient medium was replaced by PG as a sulfate source. Next generation sequencing (NGS) showed that this community was phylogenetically diverse, composed by bacteria affiliated to Clostridium, Arcobacter, and Sulfurospirillum genera and by SRB belonging to Desulfovibrio, Desulfomicrobium, and Desulfobulbus genera. In contrast, the bacterial structure of the community enriched from PG was modified when sodium sulfate was replaced by PG as the sulfate source. This culture, which showed the poorest performance in the use of sulfate from PG, was mainly composed by SRB related to Desulfosporosinus genus. The present work provides new information regarding the phylogenetic characterization of anaerobic bacterial communities with the ability to use PG as sulfate donor, thus, contributing to improve the knowledge of microorganisms suitable to be used in PG bioremediation. Additionally, this paper demonstrates that an alternative to lactate and low-cost carbon source (wine wastes) can be used efficiently for that purpose.
Introduction
Mediterranean countries have by far the largest estimated reserves of phosphate rocks in the world (Jasinski 2011) . Consequently, several industries of manufacture of phosphoric acid have been established in this region and will maintain their activity in the next decades. However, the production of phosphoric acid generates a major waste solid designated by phosphogypsum (PG), which is considered as a by-product of environmental concern (Tayibi et al. 2009 ). PG is an acidic waste due to residual sulfuric acid and due to the production method contains calcium sulfate dehydrate (gypsum) or calcium sulfate hemihydrate, silica, fluoride compounds, and unreacted phosphate rocks (Binnemans et al. 2015) . High levels of natural radionuclides and metals were also found in these wastes (Binnemans et al. 2015) . It is estimated that around 5 t of this waste is generated per ton of phosphoric acid produced (Enamorado et al. 2014) , which exceeds the mass of product, and 100 to 280 × 10 6 t are produced worldwide (Cuadri et al. 2014; Tayibi et al. 2009 ).
Nowadays, only 15% of world PG production is recycled and used in constructional materials, agricultural fertilizers, and in soil stabilization amendments (Tayibi et al. 2009 ). The remaining PG is disposed as stock piles occupying a large land area near the industrial plants, which represent a potential chemical and radioactive pollution source (Binnemans et al. 2015; Tayibi et al. 2009 ). In Portugal, it is estimated that about 3.8 × 10 6 t of PG have been produced (Carvalho 1995) , which were accumulated in large stockpiles in an industrial park. Therefore, the search of novel processes for PG treatment becomes highly important, not only environmentally but also economically.
Bioremediation process based on the activity of sulfate-reducing bacteria (SRB) is being considered an environmentally friendly and low-cost alternative for the treatment of sulfate and metal-rich wastes (Johnson and Hallberg 2005; Costa et al. 2009; Martins et al. 2011b) . SRB are characterized by anaerobic respiration using sulfate as a terminal electron acceptor for the degradation of organic compounds (Muyzer and Stams 2008) , and since PG is mainly composed by sulfate, it makes it an attractive electron acceptor source for SRB. In fact, the potential of these microorganisms in PG bioremediation has been proven (Rzeczycka et al. 2004; Azabou et al. 2005; Wolicka and Kowalski 2006; Castillo et al. 2012 ).
Although PG biotransformation by SRB has been extensively studied (Rzeczycka et al. 2004; Azabou et al. 2005; Wolicka and Kowalski 2006; Castillo et al. 2012) , none of these studies identified the bacteria involved in these processes, which is an important step towards the development of efficient processes aiming the treatment of PG. Thus, in the present work, the ability of two anaerobic bacterial cultures to use the PG from three Mediterranean countries (Portugal, Spain, and Tunisia) as the sulfate source was investigated. Moreover, these communities were characterized by next generation sequencing (NGS) and the effect of PG in the composition of the initial bacterial community was assessed.
Material and Methods

Physicochemical Characterization of Phosphogypsum
The PG used in the present study came from three Mediterranean zones: industrial park, called Quimiparque, located in the city of Barreiro, Portugal; PG pile next to Huelva town, Spain; and from a fertilizer factory in Sfax city, Tunisia. The samples were collected approximately at 20 cm from the surface, transported to the laboratory, and stored at 4°C. PG samples were submitted to a chemical digestion using aqua regia and dried afterwards. Then, the dried materials were dissolved in nitric acid 2% (v/v) and filtered. The physicochemical characterization of each PG is presented in Table 1 .
Microorganisms and Growth Conditions
Two anaerobic cultures were used in this study: one enriched from a PG sample collected from a stockpile deposit located in Barreiro, Portugal (inoculum PG) and the other enriched from a sludge sample of the anaerobic digester of the municipal wastewater treatment plant of Lagos, southern Portugal, (inoculum WWT-1). The composition of both bacterial communities was determined by restriction fragment length polymorphism analysis (RFLP) of 16S rRNA gene as described by Martins et al. (2013) . The culture enriched from PG was composed by bacteria affiliated to Sedimentibacter (relative abundance of 47%) and Clostridium (relative abundance of 31%) genera and SRB affiliated to Desulfotomaculum (relative abundance of 9%) and Desulfosporosinus (relative abundance of 13%) genera, while the culture denominated by WWT-1, which have more diversity, was composed by bacteria affiliated to Clostridium (relative abundance of 36%) and Arcobacter (relative abundance of 16%) genera, Sulfurospirillum barnesii (relative abundance of 12%) and SRB affiliated to Desulfovibrio (relative abundance of 6%) and Desulfomicrobium (relative abundance of 18%) genera.
All cultures were enriched and subsequently grown in modified Postgate B medium containing (per liter of tap water) 0.5 g K 3 PO 4 .H 2 O, 1 g NH 4 Cl, 1 g CaCl 2 .2H 2 O, 1 g yeast extract, 0.1 g ascorbic acid, 0.5 g Na 2 SO 3 , 75.4 μl thioglycolic acid, 0.01 g resazurin, 0.5 g FeSO 4 .7H 2 O, 7.75 g sodium lactate, 2 g MgCl 2 .6H 2 O, and 1 g Na 2 SO 4 . Bacterial growth was carried out at room temperature (±21°C) in 120-ml serum bottles with a working volume of 100 mL and N 2 as gas headspace. The bottles were sealed with butyl rubber stoppers and aluminum crimp seals.
Assays of Anaerobic PG Biotransformation
The assays were performed in batch under anaerobic conditions at room temperature (21 ± 1°C) using 120-ml glass serum bottles with a working volume of 90 ml.
All studies were done using Postgate B medium described before in Section 2.2 but without sulfate. The medium was autoclaved at 120°C during 20 min and distributed in sterile serum bottles containing PG also sterile (by autoclaving). The medium was purged with nitrogen gas during their cooling. After that, the bottles were sealed with butyl rubber stoppers and aluminum crimp seals. All experiments were performed in duplicate using 10% (v/v) of inoculum. Bacterial cells were harvested by centrifugation at 4000 rpm for 10 min, washed with growth medium, and transferred to the bottles containing the medium to be tested.
Assessment of PG as Sulfate Source for Anaerobic Bacterial Growth
In order to evaluate the ability of the bacterial cultures to use the sulfate present in PG samples as electron acceptor, the sodium sulfate present in the Postgate B medium was replaced by PG at concentrations of 5 and 10 g l . PG from the three Mediterranean zones (Portugal, Spain, and Tunisia) was tested. For each experiment, an abiotic control was carried out in parallel. The abiotic controls were prepared in the same way as the biotic tests, but without inoculum addition.
Effect of Carbon Source in the Utilization of PG as Sulfate Source
The ability to use other carbon sources beside lactate in the biotransformation of PG was also investigated. For this purpose, lactate was replaced by ethanol and by wine waste from winery industry. In this study, 6 g l −1
of carbon source was used. In the assay with wine wastes, the medium was supplemented with 112 ml l −1 of wine waste and 20 g l −1 of calcite tailing to maintain the pH of the medium within values suitable for SRB growth and activity (pH 7.4) (Martins et al. 2009b ). The waste from the winery industry was collected prior to the bottling stage and high-performance liquid chromatography measurements indicated that it contains 53.5 g l −1 of ethanol ). Its composition is similar to that of diluted red wine, and the pH was 3.80 ± 0.10. The calcite tailing used as a neutralizing and buffer material to guarantee a suitable pH of the medium with wine wastes is a residue from a marble stone cutting and polishing industry. This material was mainly composed of magnesium calcite (~89%), quartz (~11%), and traces of illite mineral ). Zn ( 
Structure of Microbial Communities
The characterization of the microbial communities with the ability to use PG as sulfate donor was carried out by NGS. Total genomic DNA was extracted after harvesting cells by centrifugation at 4000 rpm for 10 min using the methodology previously described by Martins et al. (2009a) . NGS was carried out by DNASense ApS company (Aalborg, Denmark) through sequencing of 16S rRNA amplicons using V1-3 specific primers (2 F A G A G T T T G AT C C T G G C T C A G a n d 5 3 4 R ATTACCGCGGCTGCTGG) and MiSeq (Illumina, USA). The procedure for bacterial 16S rRNA amplicon sequencing targeting the V1-3 variable regions is based on Caporaso et al. (2012) . The PCR reaction contained dNTPs (400 nM of each), MgSO 4 (1.5 mM), Platinum® Taq DNA polymerase HF (2 mU), 1X Platinum® High Fidelity buffer (Thermo Fisher Scientific, USA), and barcoded library adaptors (400 nM) containing V1-3 specific primers: 27F AGAGTTTGATCCTG GCTCAG and 534R ATTACCGCGGCTGCTGG. The PCR conditions used were an initial denaturation at 95°C for 2 min, 30 cycles of 95°C for 20 s, 56°C for 30 s, 72°C for 60 s, and final elongation at 72°C for 5 min. Taxonomy was assigned using the RDP classifier as implemented in the parallel assign taxonomy rdp.py script in QIIME using the Greengenes database taxonomy v.13.8. The results were analyzed through the Rstudio IDE using the ampvis package v.1.9.1. The sequencing data generated in the present investigation was archived in NCBI Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra) with the accession SRP074193 and submitted under BioProject ID: PRJNA319624.
Analytical Methods
Periodically, 5 ml of liquid samples were collected using a syringe and centrifuged at 4000 rpm for 5 min. Redox potential and pH were determined using a pH/E Meter (GLP 21, Crison). Sulfate concentration was quantified by UV/visible spectrophotometry (Hach-Lange DR2800 spectrometer) using the method of SulfaVer®4 (Hach-Lange, Germany). The analysis of Na and K in the solutions resulting from the chemical digestion of the different PG sources was performed by Flame Emission Photometry (Jenway, PFP7), while the metals were determined by Flame Atomic Absorption Spectroscopy (FAAS, Varian, Spectra AA-20) using an air-acetylene flame and the resonance wavelength lines of those elements accordingly with manufacturing instructions.
Results and Discussion
Phosphogypsum Composition
The physicochemical characterization of the PGs used in this study is shown in The concentration of radionuclides in PG was not determined in this study. However, these wastes were considered as a low-level radioactive material due to the presence of uranium (US EPA 1999).
Biotransformation of PG
The profiles of sulfate consumption of the two bacterial cultures used in the present work when grown in Postgate B medium (containing sodium sulfate as sulfate source) are presented in Fig. 1 . After 7 days, 97% of sulfate was consumed by the community WWT-1 while 46% was consumed by the PG inoculum after 14 days. The excellent performance in terms of sulfate reduction together with the physiologic characteristics of the bacterial consortium enriched from sludge of WWTP makes it a good candidate for bioremediation of wastes containing sulfate and metals, like PG. However, the community enriched from the PG sample (PG inoculum) is probably better adapted to the characteristics of PG, since it was precisely enriched from these wastes. Thus, in the present work, the capability of PG inoculum to use the sulfate present in PG was compared with the ability of the bacterial community not enriched from these wastes.
Biotransformation of Portuguese PG
The sulfate reduction profile of the two bacterial consortia (PG and WWT-1) is showed in Fig. 2 . In the noninoculated assays, leaching of sulfate from PG to the medium was observed during the experiment reaching the concentrations of 2.6 and 3.2 g l −1 from 5 and 10 g l −1 of PG, respectively, after 27 days. These values correspond to 100 and 61% of the maximum sulfate that is possible to be leached from 5 and 10 g l −1
, respectively. Although the two enriched consortia were able to use sulfate from Portuguese PG, they present a different sulfate concentration profile. PG culture, which was enriched from a PG sample and that consequently could have the advantage of being better adapted to the PG environment, showed the lowest efficiency in terms of sulfate reduction. The sulfate concentration was maintained at 1500 g l −1 and 1800 mg l −1 when 5 and 10 g l −1
of PG were used, respectively (Fig. 2a, b) . On the other hand, the culture enriched from the sample of the WWTP showed an excellent performance in the utilization of the sulfate leached from PG. When 5 g l −1 of PG was inoculated with consortium WWT-1, the concentration of sulfate decreased during the study, reaching the value of 78 mg l −1 in the end of the experiment (Fig. 2a) .
The culture WWT-1 also showed the ability to use the during all experiments (Fig. 2b) . Along the experiments, the pH decreased from 7.4 to 6.9 ± 0.2 in the presence of bacteria and from 7.0 ± 0.1 to 6.6 ± 0.2 in the assays of PG leaching without bacteria (Fig. 2c, d ). The Eh decreased substantially in the presence of bacteria, as a result of the SRB activity, achieving values of −370 mV (from −110 mV). In the negative controls (assays of leaching), the Eh increased slightly due to leaching of sulfate, salts, and ionic forms, reaching a value of −60 mV (Fig. 2e, f) . Taking into account the amount of sulfate leached in the absence of bacteria (2.6 and 3.2 g l −1 from 5 and 10 g l −1
) and the maximum sulfate that can be leached from PG (2.6 and 5.3 g l −1 from 5 and 10 g l −1
), the community enriched from WWTP showed an efficient utilization of the sulfate present in the Portuguese PG. Considering only the sulfate that was leached, 97 and 70% of sulfate leached from the solutions containing 5 and 10 g l −1 of PG, respectively, was used by consortium WWT-1, while consortium PG showed the ability to use 43% of sulfate leached from both PG concentrations. Wolicka and Borkowski (2009) reported a consumption of 58% of sulfate leached when the initial PG concentration was 6 g l
, and the carbon source was lactate, which is inferior to that observed by culture WWT-1. Moreover, the values of sulfate utilization from PG by culture WWT-1 were higher than those reported by Castillo et al. (2012) , demonstrating that this community can be a potential candidate to be used in processes involving PG biotransformation.
Since the community WWT-1 showed the best performances in the utilization of sulfate from PG, it was selected for the following experiments.
Biotransformation of PG from Spain and Tunisia
The ability of consortium WWT-1 to use sulfate from PG of other Mediterranean countries (Spain and Tunisia) was also investigated (Fig. 3) . It was observed that in the absence of bacteria, 1.3 and 2.9 g l −1 of sulfate was leached from 5 and 10 g l −1 of Spanish PG, respectively, and 1.9 and 2.7 g l −1 of sulfate was leached from 5 and 10 g l −1 of Tunisian PG, respectively. In the assay with 5 g l −1 PG (Fig. 3a, c) , an efficient utilization of the sulfate present in PG by culture WWT-1 was observed independently of the PG source. In fact, the values of sulfate were maintained below 50 mg l −1 until the end of the experiment, which are similar to those observed with Portuguese PG. When the PG concentration was increased to 10 g l −1 (Fig. 3b, d) , it was observed that after the adaptation period of 14 days, the WWT-1 community was able to use efficiently the leached sulfate, maintaining the concentration of sulfate below 700 and 500 mg l −1 in the presence of Spanish and Tunisian PG, respectively. This adaptation phase was longer than that observed in the presence of PG from Portugal (7 days), probably due to the characteristics of the PG source. The metal and radionuclide composition of PG is variable and depends on their content in the phosphate rock and the production process of PG (Binnemans et al. 2015) . The content of Fe, Cu, and Zn in PG from Spain and Tunisia is higher than that in the PG from Portugal (Table 1) , which may justify the shorter adaptation period when this last PG was used.
Biotransformation of PG Using Different Carbon Sources
Taking into account that PG biotransformation cannot be accomplished without the addition of an external carbon source, the application of a low-cost organic is essential for the economic viability of the biotransformation process. According to this perspective, PG biotransformation by the community WWT-1 using ethanol and wine wastes as carbon source was evaluated (Fig. 4) . Experiments without the addition of an external carbon source were not performed because the previous studies demonstrated that, although PG contains some organic matter (Rutherford et al. 1994) , sulfate reduction from PG is impossible without supplementing the medium with a carbon source (Azabou et al. 2005 ). In the non-inoculated studies, leaching of sulfate from PG to the medium was observed, reaching the concentration of 2.6 in the end of the experiment which corresponds to 100% of the maximum sulfate that is possible to be leached. The performance of sulfate utilization by consortium WWT-1 increased during the incubation time for all the carbon sources. At the end of the experiment, this consortium was able to use 97, 81, and 93% of the leached sulfate using lactate, ethanol, and wine wastes as carbon sources, respectively. Wine wastes were previously reported as a good substrate for the activity of SRB in the treatment of acid mine drainage Martins et al. 2009b Martins et al. , 2011a , and this study demonstrated that it can also be suitable for the biotransformation of PG by SRB communities. The application of low-cost organic substrates for PG biotransformation by SRB has been investigated (Wolicka and Borkowski 2009; Castillo et al. 2012 ). Wolicka and Borkowski (2009) showed that effective biotransformation of PG was possible with the simultaneous biotransformation of whey. Castillo et al. (2012) proved that horse manure can also be a suitable organic substrate for SRB activity, since 61% of sulfate was removed using this substrate. However, this efficiency is lower than that observed in the present work with wine wastes, demonstrating that this food waste can be a potential low-cost substrate for the biotransformation of PG using SRB.
Evaluation of PG Impact on the Bacterial Community Structure
PG biotransformation by sulfate-reducing bacteria communities has been extensively studied, and their potential in PG bioremediation was proved (Azabou et al. 2005; Wolicka and Borkowski 2009; Castillo et al. 2012) . However, the characterization of the bacterial communities involved in these processes was rarely investigated. In the present work, two anaerobic bacterial communities with the ability to use PG as sulfate source were characterized. Beside the knowledge about the bacteria involved in the PG biotransformation, this study allowed to evaluate, for the first time, the impact of PG in the initial structure of the bacterial communities.
The composition of the two bacterial communities (PG and WWT-1) in the end of the study of biotransformation of 10 g l −1 of Portuguese PG is showed in Fig. 5 .
The community PG was mainly composed by bacteria affiliated to Desulfosporosinus genus and Clostridiaceae family. Although, these phylogenetic groups were detected in the bacterial community PG before the studies of PG biotransformation, other groups were also present in the initial community namely bacteria affiliated to Sedimentibacter and Desultotomaculum genera. These results indicate that the presence of PG affected the structure of the bacterial community privileging the growth of some bacteria (in this case bacteria belong to Desulfosporosinus genus) and inhibiting the others like Sedimentibacter and Desultotomaculum genera (Fig. 6) . Desulfosporosinus spp. are endospore- of Portuguese phosphogypsum by the bacterial consortium WWT-1 using different carbon sources: lactate, ethanol, and wine wastes. Data are the average of duplicate incubations, and error bars indicate the standard deviations of the average values forming sulfate reducers, which have been detected in several environments contaminated with metals, such as methylmercury-contaminated mine tailings (Winch et al. 2009 ) and environments with acidic pH (Sànchez-Andrea et al. 2015) . In this work, we demonstrated that these bacteria can also be found in PG.
Moreover, this bacterial group is probably responsible for the reduction of sulfate by community PG.
The initial community WWT-1 showed to have more diversity than the PG culture, being composed by bacteria affiliated to Clostridium and Arcobacter genera, SRB affiliated to Desulfovibrio and Desulfomicrobium ). The 17 most abundant bacteria in all samples identified by next generation sequencing and the corresponding Operational Taxonomic Units (OUTs) are showed. Each bacterium has both a broad group name (phylum) and a specific name (genus). If no genus name can be assigned, the best assignment is shown. The percentage of relative abundance was determined according to the number of reads of each taxonomic group and the total number of reads of each sample (21,278 for inoculum PG and 27,680 for inoculum WWT-1) Fig. 6 Effect of PG as sulfate source on the 13 most abundant bacteria present in the two consortia (PG and WWT-1): initial bacterial community structure (initial) and bacterial community structure in the end of the study of biotransformation of Portuguese phosphogypsum (10 g l −1
) (final) genera and Sulfurospirillum barnesii. However, in contrast to the PG culture, the bacterial composition of WWT-1 after the exposition to PG is not very different to the initial (Figs. 5 and 6 ). The community was mainly composed by bacteria belonging to Clostridium and Arcobacter genera and bacteria affiliated to Porphyromonadaceae family and to Clostridiales order. Concerning the group of SRB, this community was composed by bacteria affiliated to Desulfovibrio and Desulfomicrobium genera (already detected in the initial community) and by bacteria affiliated to Desulfobulbus sp. Bacteria affiliated to the genus Desulfobulbus spp. has been involved in mercury methylation and the in treatment of acid mine drainage (Martins et al. 2009a; Shao et al. 2012; Deng et al. 2016) . Desulfovibrio spp. and Desulfomicrobium spp. are Gram-negative and non-spore forming sulfate reducers that have been used for bioremediation of several sulfatecontaining effluents (Martins et al. 2009a; Boothman et al. 2006) . Moreover, species of Desulfomicrobium and Desulfovibrio have been isolated from PG (Azabou et al. 2007; Thabet et al. 2007) .
Phylogenetic diversity of culture WWWT-1 can be the reason of the great performance in the utilization of PG as sulfate source and the reason why the microbial community structure was not significantly affected by the alteration of the sulfate source.
Conclusion
The objective of the present study was to provide knowledge about the phylogeny of the bacterial community involved in biotransformation of PG, which is an issue poorly explored. Although the possibility of using SRB naturally occurring in PG for it biotransformation has been shown elsewhere, the present work demonstrates that the use of SRB enriched from a different source presents higher potential for PG biotransformation, since a great efficiency in terms of sulfate reduction was observed by a culture enriched from a WWTP. In addition, it was demonstrated that a low-cost carbon source (wine wastes) was efficiently used. Next generation sequencing showed that this community was composed by SRB belonging to Desulfovibrio, Desulfomicrobium, and Desulfobulbus genera. On the other hand, the culture enriched from Portuguese PG, which showed the poorest performance in the use of sulfate from PG, was mainly composed by SRB related to Desulfosporosinus genus. The performance of the bacterial community enriched from the WWTP makes it a good candidate for PG bioremediation.
